T he antifibrinolytic action of tranexamic acid stabilizes the formed clot and consequently enhances microvascular hemostasis. 1, 2 Thus, recent systematic reviews and meta-analyses of published randomized controlled trials concluded that administration of tranexamic acid reduces blood loss and the need for transfusion in patients undergoing total hip arthroplasty (THA). [3] [4] [5] However, there has been a persistent lack of knowledge on the effects of tranexamic acid in older patients undergoing THA because this population has been severely underrepresented in most randomized controlled trials. [6] [7] [8] [9] [10] [11] [12] In addition, the effect of tranexamic acid in older people is difficult to predict. This is because of the presence of 2 opposing factors. First, geriatric patients in general are at higher risk for perioperative surgical bleeding, which emanates from acquired coagulation disorders and use of anticoagulation and antiplatelet medications as well as osteoporosis and osteopenia. 13, 14 Second, pharmacokinetic studies suggest that older patients who receive tranexamic acid may have less perioperative bleeding because of increased blood tranexamic acid levels resulting from an aging-induced decrease in glomerular filtration rate and volume of distribution. 15, 16 Therefore, the objective of the current study was to investigate the effect of tranexamic acid on blood loss and reduction in the incidence and volume of allogeneic blood transfusion in older patients undergoing THA. To achieve the study objective, we investigated 2 primary hypotheses: 1) tranexamic acid administered at the time of skin incision to older patients undergoing THA reduces the decrease in postoperative hemoglobin concentration and 2) tranexamic acid reduces the decrease in postoperative hemoglobin level more in younger patients than in older patients undergoing THA.
Methods
This was a retrospective single-centre multisurgeon matched-pair study including patients who underwent THA in 2007-2013. The study was conducted at a tertiary health care facility after appropriate research ethics board approval.
We retrospectively reviewed the charts of 382 patients who had primary total hip replacement during the study period. Patients included in the retrospective study had primary THA, were aged 21 years or more at the time of surgery, were classified as American Society of Anesthesiologists (ASA) level I, II or III, and received tranexamic acid (given as a single bolus intravenously just before skin incision) or did not receive tranexamic acid. Patients who had revision THA, were classified as ASA level IV, had a risk factor for thromboembolism, received an antifibrinolytic or coagulant agent preoperatively, had a blood transfusion intraoperatively or received postoperative anticoagulant therapy that differed from the institutional protocol for joint replacements were excluded. The charts of eligible patients were reviewed in detail. Data were extracted from a database kept in the orthopedic department as well as the clinic charts kept with the orthopedic surgeons. The chart review was performed by a single person (A.L.) who was not involved in the analysis of the results.
To examine the study hypotheses, this investigation was conducted in 2 phases. The first phase determined the effects of tranexamic acid administration in older patients (age ≥ 65 yr) by comparing each older patient to a matched control patient who did not receive the antifibrinolytic (negative control). Patients were matched 1:1 on age (5-yr intervals), sex, ASA level and body mass index (3-kg/m 2 intervals). In the second phase, we compared the efficacy of tranexamic acid in older and younger patients (positive control). The patients in the first phase who received tranexamic acid were matched with a younger patient (< 65 yr) who received tranexamic acid on sex, ASA level and body mass index (3-kg/m 2 intervals). Every younger patient should have received tranexamic acid similarly to her/his corresponding older patient.
The primary outcome measures were percent decrease in patient's hemoglobin level and estimated blood loss after surgery. We calculated these from chart data consisting of preoperative hemoglobin level (PreHB), and lowest postoperative hemoglobin level before discharge and before any postoperative blood transfusion (PostHB). The lowest postoperative hemoglobin level usually occurred on the third or fourth postoperative day. We calculated the primary outcomes as follows: percent decrease in patient's hemoglobin level = [PreHB -PostHB/PreHB]*100, and estimated blood loss = Estimated patient's blood volume*[ln(PreHB/PostHB)]. 17 We determined estimated patient's blood volume as follows: The secondary outcome measures were occurrence of allogenic blood transfusion perioperatively, number of allogenic blood units transfused perioperatively, length of hospital stay, occurrence of surgical infection postoperatively, occurrence of deep vein thrombosis (assessed clinically) and occurrence of pulmonary embolism (assessed clinically and by imaging studies). The following confounders and co interventions were recorded: patient demographic characteristics, medications, comorbidities, name of surgeon, duration of surgery, type of anesthesia (general v. regional), fluid administration, preoperative iron therapy, preoperative erythropoietin therapy, preoperative coagulation profile and details of the surgical technique.
Statistical analysis and sample size calculation
We compared means of categorical variables using the paired Student t test. Nonparametric data and data that deviated significantly from normal distribution were compared with the use of the Wilcoxon matched pairs signedrank test. We performed the statistical analysis using Stata 10 (StataCorp).
Sample size calculation for the first phase was based on the difference in the primary outcome (decrease in hemoglobin level from preoperative level) between the older patients who received tranexamic acid and those who did not. 19 Available data showed that tranexamic acid can produce a saving of about 25% of the preoperative mean hemoglobin value. Based on this information, the required sample size was 47 matched pairs of patients (2-tailed paired t test: effect size f = 0.36, α = 0.05, power = 0.8). We increased the sample size by about 20% to compensate for expected incomplete patient charts, resulting in 58 pairs; i.e., 116 patients. Similarly, the sample size estimate for the second phase was based on the difference in the primary outcome between the older and younger patients who received tranexamic acid. 19 Based on previous experience, we expected that tranexamic acid would produce a lesser decrease in preoperative hemoglobin level, by about 20%, in younger patients than older patients. Accordingly, the required sample size was 48 matched pairs of patients (2-tailed paired t test: effect size f = 0.41, α = 0.05, power = 0.8). Again, we increased the sample size by about 20% to compensate for expected incomplete patient charts, resulting in 58 patients per group; i.e., 116 patients.
Results
In patients included in both phases of the study, the decision to administer tranexamic acid was based on the absence of risk factors for postoperative thromboembolism and surgeon's preference. All patients had uncemented hip replacement through the lateral surgical approach. The primary THA procedures were performed by 5 orthopedic surgeons, all of whom had at least 10 years' experience as senior consultant.
Effect of tranexamic acid in older patients
The treatment and control groups had similar demographic characteristics, which indicated adequate matching ( Table 1) . The mean tranexamic acid dosage was 18.07 (standard deviation [SD] 3.59) mg/kg. Postoperatively, patients in the treatment group conserved hemoglobin by a mean of 10.26 g/L (SD 9.89 g/L) compared to control (p < 0.001) ( Table 2 ). The mean difference in the estimated blood loss between the 2 groups was 410 mL (SD 376 mL) (p < 0.001), which indicated less total perioperative bleeding in the treatment group. The composite rate of complications (deep vein thrombosis, pulmonary embolism and infection) was not statistically significantly different between the treatment (8.6%) and control (6.9%) groups ( When we examined the percent maximum decrease in postoperative hemoglobin concentration by age group, in each age group, the value was statistically significantly higher in the control group than in the treatment group (Fig. 1) (p < 0.05) .
Efficacy of tranexamic acid in younger and older patients
The mean age of the younger and older patients was 55.1 (SD 7.28) years and 75.6 (SD 6.35) years, respectively ( Table 3 ). The mean tranexamic acid dosage was similar in the 2 groups (17.77 [SD 4 .45] mg/kg and 18.07 [SD 3 .59] mg/kg, respectively). There was no difference between the 2 groups in mean lowest postoperative hemoglobin level or percent maximum decrease in postoperative hemoglobin level. The estimated perioperative blood loss was similar in the younger (mean 1281 mL [SD 382 mL]) and older (mean 1208 mL [SD 407 mL]) patients. Postoperatively, the daily decrease in hemoglobin level was almost identical in the 2 groups (Fig. 2) .
The composite complication rate was significantly different between the younger and older patients (0% v. 6.9%, p = 0.02) ( Table 4 
discussion
We found that a single bolus of tranexamic acid administered intravenously at the initial skin incision during primary THA surgery reduced the postoperative decrease in hemoglobin level in older patients (≥ 65 yr). The significant hemoglobin-sparing effect of tranexamic acid in older patients was similar to that in younger patients. The composite complication rate was lower in younger patients than in older patients.
Other investigators have reported different dosage regimens for the administration of tranexamic acid during THA, including single and multiple injections, and continuous infusion following a loading dose. 21 A single injection of nearly 20 mg/kg at the time of the initial skin incision was used in our cohort. This dosage showed significant efficacy and is simple in application and clinical utility. In a pharmacokinetic study, Benoni and colleagues 20 found that such single doses maintain therapeutic serum and joint fluid levels for 8 hours after injection. A study in which multiple tranexamic acid injections were used 21 did not show results superior to ours.
Our results validated our primary hypothesis that tranexamic acid administered at the time of skin incision to older patients undergoing hip replacement surgery reduces the decrease in postoperative hemoglobin concentration. Based on recent large studies that showed aging as an independent risk factor associated with allogenic blood transfusion, [22] [23] [24] we also hypothesized that older patients experience more perioperative bleeding than do younger patients and that tranexamic acid is more effective in younger patients. However, our results were at odds with this proposition: our results in older patients were unexpectedly similar to those of previously published reports in younger patients, including prospective 11, 25, 26 and retrospective [27] [28] [29] studies. Although older patients who did not receive tranexamic acid had more perioperative bleeding and hemoglobin loss than older patients who received the antifibrinolytic in our study, the transfusion rates in the 2 groups were similar. This was expected because most patients did not reach the trigger hemoglobin levels for allogenic transfusion according to standard protocols. A large sample will be required to explore whether tranexamic acid can reduce transfusion rates in older patients undergoing primary THA. In addition, the incidence of thromboembolism in our older group was higher than that previously reported. [30] [31] [32] This may have been due to the fact that our study was not powered to determine the prevalence of thromboembolism in older people undergoing total hip replacement.
Limitations
The current study has limitations. First, the cohorts were not matched for year of the procedure. However, there was no association between the extent of the primary outcomes of the study and the date of surgery in the entire cohort. Hence, there is no apparent sampling bias due to the lack of matching for surgical date. Second, the lowest postoperative hemoglobin concentration was that measured during the hospital stay. The hemoglobin level may have drifted to lower values after discharge from hospital; hence, the reported decrease in hemoglobin level may not precisely reflect the actual outcomes. However, the hemoglobin concentration would probably have reached a nadir before patients were discharged from the hospital, as is evident from Figure 2 . Finally, the decision to give tranexamic acid was partly based on the surgeon's preference. This might have led to sampling bias, especially if surgeon expertise and technique are considered. However, all the surgeons who performed the procedures in this study had more than 10 years of experience, and their surgical technique was not significantly different within the groups studied. Therefore, sampling bias was reduced to a minimum.
conclusion
Tranexamic acid decreased perioperative blood loss and had a significant perioperative hemoglobin-sparing effect in older patients undergoing primary THA, similar to that seen in younger patients. Hence, there is no need for adjustment of the tranexamic acid dosage in older patients. Tranex amic acid administration should be an important component of blood management programs in geriatric patients undergoing hip replacement surgery. 33 
